The basic imaging properties of the Donner 280-BGO-Crystal positron tomograph were measured and compared with the same system when it was equipped with 280 NaI(Tl) crystals. The NaI(Tl) crystals were 8 mm X 30 mm X 50 mm deep, sealed in 10 mm wide stainless steel cans. The BGO crystals are 9.5 mm wide X 32 mm X 32 mm deep and as they are not hygroscopic do not require sealed cans. With a shielding gap of 3 cm (section thickness 1.7 cm FWHM) the sensitivity of She BGO system is 55,000 events per sec for 1 MCi per cm in a 20 cm cylinder of water, which is 2.3 times higher than the NaI(Tl) system. For a 200 ,Ci/cm line source on the ring axis in a 20 cm diameter water cylinder, the BGO system records 86% of the scatter fraction and 66% of the accidental fraction of the NaI(Tl) system.
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The lower light yield and poorer time resolution of BGO requires a wider coincidence timing window than NaI(Tl); however, the ability to use full-energy pulse height selection with a 2.3-fold improvement in sensitivity results in an overall reduction in the fraction of accidental events recorded. The in-plane resolution of the BGO system is 9-10 mm FWHM within the central 30 cm diameter field, and the radial elongation at the edge of the field in the NaI(Tl) system has been nearly eliminated.
Introduction
The combination of radionuclide tracer techniques and computed tomography has the unique ability to quantitate the amount of tracer in well-defined regions of the body and thereby provide the functional or metabolic activity in vivo as a function of time. The history of this field over the past 181yjars has been described in several review articles. 
Tomograph
The design objective of our instrumentation at Donner Laboratory is to achieve high resolution, gated, dynamic imaging with minimum mechanical motion. We have previously described the properties of the Donner 280-crystal positron tomofraph with NaI(Tl) scintillation crystals.
Recently the NaI(Tl) crystals have been replaced with bismuth germanate (BGO) scintillation crystals and this has given us the unique opportunity to compare these two detector materials in a large positron imaging system. In this paper we describe the imaging properties of the Donner 280-BGO-Crystal Tomograph and compare these to the NaI(Tl) detector system.
System Description

Overall Organization
As described in Refs. 4-6, each detector is in time coincidence with 105 opposing detectors, providing 14,700 projection measurements of the positron activity distribution in the 50 cm diameter patient port. These data are reorganized into 140 projection angles (1.290 spacing) of 105 parallel rays (5.3 mm average spacing). The 196 cm diameter gantry contains 280 detector assemblies, preamplifiers and discriminators as well as movable lead shielding for the selection of section Pickness and a remotely controllable hoop source of Ge for transmission measurements (Fig. 1) . The detector assemblies (crystal, lightpipe, and phototube) are mounted in groups of five on a "U"-shaped aluminum frame that can be removed from the gantry as a unit. See Table 1 for a general summary of system parameters. Fig. 2 shows one of the 280 detector assemblies with its BGO crystal, quartz lightpipe, and 38 mm diameter phototube. In our experience, MgO is a better reflector than TiO2 paint, aluminum foil, or millipore filter paper. Consequently, we first spray the crystals with MgO in water suspension. After drying, they are sprayed with TiO2 paint to provide a more durable coating. Each assembly is then wrapped with aluminum Ge line source moved from the ring center to a radius of 22.5 cm in 2.5 cm steps. The projection data were added before reconstruction.
Detectors
The sensitivity of the two systems for a line source in air are plotted in Fig. 4 as a function of the distance from the source to the ring axis. The greater sensitivity of the BGO system relative to the NaI(Tl) system is clearly shown, and the sensitivity is greater near the edge of the field for both systems because on the average the coincident crystals are closer to the source and the solid angle is larger. In the central region of the imaging field, there is no significant difference in resolution between the BGO and NaI(Tl) systems. At the edge of the field, however, the radial resolution of the BGO detectors is clearly superior to that of the NaI(Tl) detectors due to the reduction in side penetration. In Table 4 Fig. 7 for a 20 mm shielding gap. more than two mechanical p?ijAons for a full sampling improvement at all angles. ' The implementation of these schemes would compromise our objective of rapid, gated, sequential imaging. However, we have discovered displacement schemes where only two mechanical positions provide a uniform doubling of the linear sampling frequency at all angles. One scheme involves moving the crystals circumferentially such that a gap the size of one crystal occurs and this transforms the array from an even to an odd number of detectors. A second method which is an adequate approximation to the even-odd method involves merely hinging the detector array and rotating each to open up a space the size of one crystal at the point opposite the hinge. (Fig. 9 ) Both methods involve mechanical displacement of precisely aligned crystal-phototube assemblies. A more practical implementation of this idea is a multi-ring system with alternating circular rings of even and odd numbers of crystals. The sampling is done by a two-position z-axis translation. The uniqueness of this design approach involves the recognition that an improved linear sampling can be accomplished with only two mechanical positions of the patient bed and a stationary multi-ring array.
In-plane Resolution
Attenuation Correction Methods
The quantitative ability of positron tomographs is greatly dependent on the ability to compensate for the photon attenuation. The compensation for variable attenuation situations, such as encountered in the human thorax, relies heavily on the acquisition of transmission data with good statistics A method for acquisition of transmission data which is not limited by accidentals utilizes a rapidly moving line source with detection of a fan beam of data.
Data are collected in a non-coincident mode wherein the position of the source at any moment is known to be the origin of the fan.
Another technique utilizes a moving positron line source operating in coincidence mode, but the accepted data are only those events that pass through the source; This is a significant improvement over the continuous positron hoop source and the remaining limitation of both of these approaches is in crystal and timing discrimination deadtime.
Scatter Background Correction
One of the most important problems in positron tomography is the background noise from scattered coincidences.
Depending on the instrument design, between 20% and 50% of the detected coincidences are actually unwanted scattered events wherein the two photons detected in coincidence come from the same positron-electron annihilation; but one or both scattered before arrival at the detector. processing. We previously proposed two techniques for this computational correction of scattered backgrounds. The first requires using the reconstructed image as an estimate of the true source distribution and the transmission image as the distribution of scattering coefficients. The predicted scatter is calculated using the Klein-Nishina formula, the known scattering coefficients and the detector geometry. A second general technique involves approximating the scatter distribution function by some convolution kernel which takes into account the long tails of the true distribution. The original image is folded with this function and a fraction of the resulting "scatter image" is subtracted from the original. The fraction is determined empirically or theoretically. Iterative refinements can be made with both approaches.
Multi-Layer System
A high-resolution positron system design incorporating multiple layers of closely packed scintillation crystals in ring arrays has as a major limitation the poor coupling between small crystals and phototubes. Many designs have been suggested ranging from light pipe arrangements to inefficient matching of commercially available cylindrical phototubes to square or circular crystals; however, the published designs become impractical when a resolution of 5 mm is desired in a multi-layer tomograph able to dynamically image the human thorax.
To accomplish this objective we propose the following schemes: (1) ' and its use for this 5) 0. Distonce from source to ring axis (cm)
XBL8010-3782 Relative to the Donner 280-BGO-Crystal Tomograph, potential improvements of a factor of four in photoelectron yield, a factor of ten in positron sensitivity, and a factor of two in spatial resolution can be realized by an improved 5-layer system of 2000 crystals with alternating even and odd-crystal layers.
Conclusions
In our system, BGO has three primary advantages over NaI(Tl):
(1) A factor of 2.3 higher useful event rates for a given amount of activity, 
